Development of high-throughput genotyping platforms provides an opportunity to identify new genetic elements related to complex cognitive functions. Taking advantage of multi-level genomic analysis, here we studied the genetic basis of human short-term (STM, n = 1623) and long-term (LTM, n = 1522) memory functions. Heritability estimation based on single nucleotide polymorphism showed moderate (61%, standard error 35%) heritability of short-term memory but almost zero heritability of long-term memory. We further performed a two-step genome-wide association study, but failed to find any SNPs that could pass genome-wide significance and survive replication at the same time. However, suggestive significance for rs7011450 was found in the shared component of the two STM tasks. Further inspections on its nearby gene zinc finger and at-hook domain containing and SNPs around this gene showed suggestive association with STM. In LTM, a polymorphism within branched chain amino acid transaminase 2 showed suggestive significance in the discovery cohort and has been replicated in another independent population of 1862. Furthermore, we performed a pathway analysis based on the current genomic data and found pathways including mTOR signaling and axon guidance significantly associated with STM capacity. These findings warrant further replication in other larger populations.
Introduction
Memory plays a pivotal role in human life. The memory system encodes, processes, and stores information from the outside world, which allows the information to serve for normal cognitive functions. Deficits in these processes could cause severe cognitive dysfunctions [1, 2] . Throughout the past decades, neuroscientists have identified brain regions and networks for memory functions, revealing the neural mechanisms of human memory at the brain level [3] [4] [5] . Electrophysiological and transgenic studies have further illustrated the molecular basis of memory functions [6, 7] . However, knowledge of the genetic basis of human memory functions is still limited.
There is plenty of evidence suggesting genetic basis of memory functions. First, substantial heritability of memory ability has been demonstrated in twins and family studies, which estimated the heritability of working memory or short-term memory (STM) to be 15%~72% [8] [9] [10] and long-term memory (LTM) to be moderately heritable (37%~55%) [11] . Using high-throughput singlenucleotide polymorphism (SNP) data, one recent study demonstrated SNP-based heritability for working memory being 31%~41% [12] . The non-zero heritability estimations implicate potential specific molecular loci that might contribute to memory functions. Recent advances in high-resolution genome-wide association studies (GWAS) of polygenic phenotypes provide an opportunity to identify genomic sequences that contribute to complicated cognitive processes, without a priori assumption. Papassotiropoulos et al. [13, 14] have first employed this technique in human memory functions. In their early study, they reported six genetic variations associated with human working memory performance and highlighted the role of SCN1A and KIBRA in memory performance [13, 14] . Later, they explored the genetic basis of human long-term episodic memory and suggested genetic associations of CTNNBL1 with LTM capacity [15] . Recently, their group has revealed the voltagegated cation channel activity gene set, which is related to neuronal excitability, to be linked with working memory [3] . Employing a similar multi-level GWAS method, here we explored the genetic basis of both STM and LTM functions. We used two behavioral assays to test STM and one assay to test LTM in order to get a better understanding of memory encoding and storage in human brain. First, by estimating the proportion of phenotypic variance explained by all common SNPs across the genome, we obtained a rough estimation of heritability for STM and LTM. Then, we adopted a twostage GWAS procedure to identify associated SNPs and genes. The first stage (discovery stage) intended to discover a small set of SNPs with suggestive significant (p < 1 × 10 −4 ) association with memory capacity. At the second stage (replication stage), replication was performed in another two independent cohorts to confirm the association of these candidates found at the discovery stage.
Materials and methods

Participants
The GWAS discovery cohort consisted of ege students recruited from the Chongqing Medical University in China, with an average age of 18 ± 1 years (mean ± standard deviation (S.D.)), 81% female, 94% Han People with the remainder from minor ethnic groups who did not significantly differ from Han People on the genetic structure (from population stratification analysis). The replication cohorts consisted of Chinese young adults recruited from the Southern Medical University at Guangzhou (cohort_GZ), from universities at Beijing (cohort_BJ) and from the Chongqing Medical University at Chongqing (cohort_CQ), China. In the current study, cohort_GZ and cohort_BJ were always combined together (cohort_GZ + BJ) for replication since there was no significant difference in terms of any demographic factor. Cohort_GZ + BJ aged 22 ± 3 years old, 46% female, 95% Han; cohort_CQ aged 18 ± 1 years old, 81% female, 94% Han. No significant difference in demographic factors between the discovery and replication cohorts was found. None of the subjects from the discovery or replication cohorts had reported neurological diseases. Informed consent was obtained from all participants. All procedures performed in the study were in accordance with the ethical standards of the institutional ethical committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Behavioral assays
Short-term memory STM was estimated by two paradigms, testing digit span, and visuospatial memory capacity, respectively.
Digit-span STM test At the beginning, seven digits were presented on the screen sequentially, each for one second (s). Then, subjects were required to type out all the seven digits in the correct order. If subjects were correct, they would enter the next level, at which the number of digits was increased by one. If subjects failed, the task would repeat at the present difficulty level. The task ended when one failed three times at a given difficulty level, and then the digit span at that difficulty level was recorded as the subject's digit-span STM. The digits and their orders were generated randomly by a custom-made Matlab program.
Visuospatial STM test Visuospatial task employed a similar procedure. Twenty squares were presented on the screen. At first, six squares flashed sequentially, each for 1 s. Then, subjects were required to report the locations of the flashed squares in the correct order by clicking the corresponding squares sequentially on the screen. Rules for increasing the difficulty level and ending of the experiment were the same as those for digit-span task (details in Supplementary Methods). The number of squares at the final difficulty level was recorded as the subject's visuospatial STM.
Long-term memory
LTM was tested by a delayed recognition task. Subjects first learnt 50 semantically unrelated Chinese words twice. During learning, the words were presented sequentially, each for 0.5 s. Immediately after learning, a distracting task with 20 arithmetic questions was given. Then, a recognition test for all learnt words was given with each word presented among seven distractors in each trial. Subject's LTM capacity was represented by the overall recognition accuracy.
Genotyping and quality control . Individuals were excluded if their genotype call rate < 0.95. Potential duplicates or close relatives were examined by indentity-by-state (IBS) analysis, and none was excluded due to IBS distance <0.75. Population stratification was examined with EIGENSTRAT [16] ; and outliers were detected and excluded from subsequent analyses with the default mode. A total of 1623 /1522 subjects with both phenotypic and genotypic data available for STM /LTM were included finally (Supplementary Table 1 ).
Replication cohorts
The replication sample was three independent cohorts. The two STM tasks were measured in cohort_GZ + BJ, which has 2790 individuals genotyped on the candidate SNPs via Sequenom iPlex (Bio Miao Biological, Inc., Beijing, China). SNPs with call rate < 95% (rs2469860, chr17:g.18880661T > C) and individuals with genotype rate < 75% (47 subjects) were removed from subsequent analyses. LTM was measured in the cohort_CQ, which consisted of 1862 unrelated individuals genotyped using the HumanOmniZhongHua-8 Beadchip v1.2. SNPs and individuals with call rate < 95% were removed. No significant difference in allele frequencies was observed between the discovery and replication cohorts. Data have been deposited at the European Genomephenome Archive (EGA), which is hosted by the EBI and the CRG, under accession number EGAS00001002875; genotype data has been additionally deposited in the Genome Variation Map (GVM) in Big Data Center, Beijing Institute of Genomics, Chinese Academy of Science, under the accession number GVM000023.
Statistical genetic analyses
All traits were inverse normal transformed. Individuals with phenotypes outside four standard deviations of the population mean were removed from subsequent analyses (Supplementary Table 1 ).
Heritability estimation
SNP-based heritability estimation was conducted by GCTA version 1.24 [17] . The genetic relationship matrix (GRM) was estimated using all autosomal markers (MAF > 0.01). One individual in each pair with genetic relatedness > 0.025 was excluded [18] . 1604, 1569, and 3326 individuals were retained for digit-span STM, visuospatial STM, and LTM, respectively. Then, the proportion of phenotypic variance explained by all common SNPs was estimated by restricted maximum likelihood (REML) algorithm, with the first 20 eigenvectors from GCTA-PCA included as covariates. The GRM-REML method was adopted to quantify the SNPbased heritability, assuming an additive model. Statistical power was calculated via the online GCTA Power Calculator [19] .
GWAS
GWAS was performed in the discovery cohort using PLINK [20] . Quantitative traits were assumed and GWAS was run under a full linear model assumption, testing both additive genetic effect and dominance component (dominance deviation from additivity). Effects of demographic factors, i.e., gender, age, and ethnicity, were tested using analysis of variance (ANOVA). Finally, gender and age were included as covariates for all STM-related phenotypes. The full set of p-values that emerged from association analysis was loaded and visualized in Haploview v4.2 [21] to generate Manhattan plots. Basic statistical analyses, the genomic inflation factor λ, quantile-quantile (Q-Q) plots, and the replication sample size were generated by R v3.2.1. The post-hoc power was calculated by Quanto v1.2 (http://hydra.usc.edu/gxe). We additionally did GWAS on the imputed genotypes for the STM-shared component (the first principal component from principle component analysis of the two STM tests) in the discovery cohort and LTM in the combined cohort. Imputation and subsequent association tests were performed using SHAPEIT [22, 23] , IMPUTE v2.3.1 [24] , and SNPTEST v2.5 [25] , based on ). Plots were generated by Haploview 1000 Genomes, assuming an additive model. Only SNPs with INFO>0.6 and MAF>0.1 were considered. Regional associations were plotted on the imputed data using the web-based LocusZoom [26] (details in Supplementary Methods).
Candidate selection
We selected the top 10 or 20 most significantly associated SNPs in the discovery cohort as candidates, i.e., 10 for each STM, 20 for LTM because the top 10 SNPs showed no significant association. SNPs with a more significant candidate nearby (within 30 kilo-base (kb)) were not considered for further replication. SNPs with MAF<0.1 were excluded since our sample was small so that there were not enough sample in each genotype group for SNPs with MAF<0.1. Replication tests assumed a general linear regression, taking the minor allele as the effect allele. The combined p-values for meta-analysis were calculated by Stouffer's Z-score method. Successful replication was defined as false discovery rate corrected p-value (q) < 0.05 in the replication cohort and in the discovery and replication combined sample. Genome reference in this paper is human genome assembly hg19.
Gene-based and pathway analyses
All SNPs with their association results from the previous single-marker based GWAS were used in the gene-based and pathway-based analyses. Gene-based analysis was performed by VEGAS [27] . SNP to gene mapping was based on hg18. Gene boundaries were set at 50 kb. Linkage disequilibrium (LD) patterns were estimated based on HapMap2 CHB + JPT. Pathway analysis ) was~0.8 adopted MAGENTA [28] , taking Gene Ontology, KEGG, Reactome, BioCarta, PANTHER, and INGENUITY databases (3216 in total) (details in Supplementary Methods).
Results
SNP-based heritability estimation
Participants' memory performance varied dramatically among individuals (see Supplementary Results). The mean digit span was 10.6 (S.D. = 1.6) digit numbers, while the mean visuospatial span was 7.2 (S.D. = 1.1) Corsi blocks. The two STM measures were significantly correlated with each other, both phenotypically (Pearson correlation coefficient r = 0.27, p < 0.001) and genetically (genetic correlation r = 0.48 (s.e. = 0.28). Results showed that 60.6% (standard error (s.e.) = 34.7%, p = 0.04) of the variance in digit-span STM could be explained by common SNPs; for visuospatial STM, the result was 24.4% (s.e. = 25.8%, p = 0.17); for the STM-shared component, it was 32.0% (s.e. = 25.8%, p = 0.11). These non-significant results might be due to the relatively small sample size. The mean recall accuracy for LTM was 56% (S.D. = 13%) with a range of 11%~98%. The estimated SNP-based heritability for LTM was zero (s.e. = 17.5%).
GWAS and gene-based analyses for STM
The genomic inflation factor λ was 1.00 in all association tests, indicating that the significance reported herein was not affected by population stratification (Supplementary Figure 1) . Association results across the whole genome are shown in 'Manhattan' plots (Fig. 1) . For digit-span STM, one SNP (rs13151012, chr4:g.109733172T > C), located in an intron of collagen type XXV alpha 1 chain (COL25A1) and predicted to be in open chromatin region (Supplementary Table 2 , by 3DSNP: http://cbportal.org/3dsnp), reached p = 3.3 × 10 −8 (Fig. 2a) , but it was not replicated (p replication > 0.05, Table 1 ). Besides this SNP, we selected another nine most significant SNPs as candidates. Two SNPs were close to each other so one was discarded from subsequent analyses. We genotyped nine SNPs for replication, but three of them failed quality control at the replication stage, thus finally six SNPs have replication results. rs2472716 (chr17:g.18879761G > A), in an intron of family with The genomic reference sequence used here is hg19. Position, genomic position in the form of chromosome: basepair. Alle, listed are in the form of variant allele / reference allele, which is the same in the discovery and replication cohorts. Freq, effect allele frequency in the discovery (former) and replication (latter) cohorts. β, effect size at each stage, in the form of mean ± standard error rep replication, meta meta-analysis a There is no gene within 500 kb nearby the SNP. The sample size for discovery cohort was 1621/1623 for digit-span STM /visuospatial STM, while for replication cohort, the number was 2788/2790 for digit-span STM /visuospatial STM. The cohort GZ + BJ was used for replication sequence similarity 83 member G (FAM83G) and solute carrier family 5 member 10 (SLC5A10) and predicted to be in enhancers (Supplementary Table 2 ), reached uncorrected significance in replication (p discovery = 1.8 × 10 −6 , p replication = 0.04, p joint = 2.9 × 10 −5 , Table 1 ). Gene-based analysis gave consistent results with gene-level association p = 1.5 × 10 −5 /1.3 × 10 −4 for FAM83G /SLC5A10 in the combined sample. For visuospatial STM, none of the tested markers passed the acceptable genome-wide significance in the discovery cohort. In case of insufficient sensitivity, the 10 most significant SNPs were picked as candidates; according to the candidate selection rules, seven from the 10 SNPs were genotyped for replication. Three SNPs failed replication quality control. None of the remaining four tested SNPs was significant in the replication tests (Table 1) .
Considering the possible existence of confounding factors that might affected estimations of the pure memory capacity in the two STM tests (see Supplementary Results), another GWAS was done with the STM-shared component as a phenotype. Results showed rs1558360 (chr19: g.2873323C > T), in an intron of zinc finger protein 556 (ZNF556) and predicted to be in enhancers (Supplementary  Table 2 ), reached p = 5.0 × 10 −8 in the discovery cohort (Fig. 2b) . However, its association was not replicated (p replication = 0.64, Table 1 ). Among the 10 most significant SNPs, three failed candidate selection rules and were removed from further tests; seven SNPs were genotyped in the replication cohort; one SNP failed quality control at the replication stage; finally, six SNPs were tested for replication. None was replicated with STM-shared component (Table 1) ) in association with both visuospatial STM and STM-shared component at the discovery stage and were significantly (p < 0.05) associated with visuospatial STM at the replication stage (Supplementary Table 3 ). After imputation, more variants around this locus were found to be associated with STM-shared component (Supplementary Table 4 ) and one imputed variant in an intron of ZFAT, rs182335917 (chr8: g.135662957G > A), reached genome-wide significance in the discovery cohort (p = 1.8 × 10
) (Fig. 2c) . Gene-based analysis showed that ZFAT was significantly associated with both STM-shared component and visuospatial STM, with p = 0.0084 /0.018, respectively.
We further performed imputation and subsequent association tests to improve the coverage of genomic data (Supplementary Table 4 ). Two variants displayed genome-wide significant associations with INFO > 0.8 and 0.05 < MAF < 0.1 in the discovery cohort, namely, rs977160 (chr18: g.44929658T > C, major/minor allele = T/C, β = 0.37 ± 0.07, p = 4.0 × 10
) and rs5824676 (chr18:g.44931008:4493100 9insGGG, major/minor allele = A/AGGG, β = 0.37 ± 0.07, The genomic reference sequence used here is hg19. Position, genomic position in the form of chromosome: basepair. Alle, listed are in the form of variant allele / reference allele, which is the same in the discovery and replication cohorts. Freq, effect allele frequency in the discovery and replication cohorts. β discovery /β replication , effect size at the discovery / replication stage, in the form of mean ± standard error rep replication; meta meta-analysis a There is no gene within 500 kb nearby the SNP. The sample size for discovery cohort was 1522, while for replication cohort, the number was 1862. The cohort CQ was used for replication p = 4.2 × 10 −8 ); they are located~155 kb upstream from SKI family transcriptional corepressor 2 (SKOR2) (Fig. 2d ) and predicted to be in enhancers (Supplementary Table 2 ). No SNP that passed imputation quality control reached genomewide significance, thus no replication was conducted.
GWAS and gene-based analyses for LTM
None of the tested SNPs reached genome-wide significance for LTM. We first took the top 10 most significant SNPs as candidates and genotyped those that fit our candidate selection rules, but none of them remained significant after multiple testing corrections. Thus, the second 10 most significant SNPs were picked and only those that fit our selection rules described in the Methods were genotyped. Finally, 13 SNPs (Table 2) were indeed genotyped for replication. rs837642 (chr19:g.49307999G>A), in an intron of branched chain amino acid transaminase 2 (BCAT2), was successfully replicated with q < 0.05 (p replication = 0.001, Table 2 ). Further gene-based analysis showed that Table S4 ) but they were not accepted for further analyses since they did not match the selection criteria. They were rs80239319 (chr9: g.140298162G > A), in an intron of exonuclease 3′-5′ domain containing 3, predicted to be in enhancers and alter transcription factor binding motifs, p = 7.9 × 10 −10 (Fig. 3a) ; and rs148620999 (chr11:g.51473048delC), p = 4.3 × 10 −8 (Fig. 3b) .
Pathway analysis
In addition, pathway analysis by MAGENTA found three pathways (glioma, mTOR signaling pathway, axon guidance) associated with digit-span STM with nominal significance, two pathways (regulation of autophagy, mRNA end-processing and stability) for visuospatial STM, one pathway (ephrin receptor signaling) for the STM-shared component, and one pathway (olfaction) for LTM (Table 3) .
Discussion
This study systematically investigated the genetic basis of both STM and LTM capacity in a large Chinese population. Common SNP-based heritability estimation suggested moderate heritability (61%, s.e. = 35%) for the digit-span STM, consistent with previous classic twin heritability studies [8] [9] [10] . Common SNPs failed to reveal significant non-zero heritability for visuospatial STM and LTM. However, the low heritability could be caused by the small sample size or due to the polygenic component of the memory score using these particular tests in this sample is small. It could also be due to that low frequency SNPs accounting for major effects in our LTM measure. Further two-step GWAS of altogether~4500 individuals suggested ZFAT to be associated with STM performance, as rs7011450 near and five other SNPs in this gene were significantly associated. GWAS of~3380 individuals suggested BCAT2 to be related with LTM. Three ZFAT nearby SNPs were predicted to be in enhancer state (Supplementary Table 2 ). ZFAT, suggesting to be related with STM, encodes a nuclear zinc-finger protein that binds DNA and functions as a transcriptional regulator involved in apoptosis and cell survival [29] . ZFAT can recognize histone H3 acetylation, which is involved in inflammation-mediated epigenetic modulation of memory [30] ; another target gene of ZFAT is bromodomain and PHD finger containing 1 [30] , which is important for brain development [31] and is associated with schizophrenia [32] . Previous research has found that deficits in ZFAT were associated with autoimmune thyroid disease [33] and a ZFAT variant was associated with multiple sclerosis that sometimes involves memory deficits [34] . So far, its relationship with memory has not been well studied. Given that GWAS found significant contribution of SNPs within ZFAT to STM and gene-based association test on this gene gave positive results, it suggests a role of ZFAT in STM capacity. Further studies are needed to explore the detailed mechanism.
The SNP rs837642 is an expression quantitative trait locus for BCAT2 (from Lieber Brain Institute RNAseq project) and ribosomal protein S11 (from GTEx Portal); it was predicted to be in DNaseI-hypersensitive site and enhancers, and interacted with 25 genes via threedimensional chromatin loops (Supplementary Table 2) . Gene-based analysis revealed BCAT2 to be significantly related to LTM performance. BCAT2 is involved in leucine-related pathways and plays a role in hormone regulation and glutamate metabolism in brain [35] , but its relationship with memory has not been established before. The current study suggests several new gene targets for future research to understand the molecular basis of human memory.
GWAS on imputed data discovered variants near SKOR2 to be related with STM. SKOR2 is specifically expressed in neuronal tissues [36] and has been regarded as a biomarker for Purkinje cells [37] ; a recent GWAS study has found correlations of this gene with cognitive performance [38] . Future replications on other independent cohorts are needed to valid this discovery. Furthermore, pathway analysis revealed several nervous system related pathways significantly associated with memory performance. Among them, glioma, mTOR signaling pathway, axon guidance, and Ephrin receptor signaling have been related with memory functions in previous literature [39] [40] [41] [42] ; it is of note that mTOR signaling in hippocampus is necessary for memory formation [40] , while other associated pathways are somewhat linked with mTOR signaling pathway, which further supports the involvement of these pathways in memory functions.
Despite the fact that the post hoc power reached 80% for SNPs with MAF > 0.08 and effect size > 0.18, we did not find any genome-wide significant SNPs for visuospatial STM and LTM (Supplementary Discussion). Due to small effect size of the SNPs and no replication data available for imputation analyses, the current findings are only suggestive and warrant future replication. For STM, given that common SNP heritability is moderate, each SNP might only account for a very small percentage of total variance. STM capacity might be influenced by a large group of SNPs but each with a very small effect size. Therefore, a much larger sample is needed to identify the missing heritability. For LTM, its nearly zero heritability requests further replication studies in larger samples and suggests future studies focusing on testing rare variants contributions. Nevertheless, newly emerged technologies combined with larger samples and meta-analyses are needed to improve our understanding of the genetic architecture of complex traits.
We also tested associations of previously discovered genes and SNPs in the current study (Supplementary Table 5 ). Among these genes that have been associated with human memory performance, consistent results in the current study were found by gene-based analyses for ODZ2 [13] , SCN1A, P2RY6, TFF2, TTC21B, TBC1D8 [14] , BIN1 [43] , APBA1, CADM2, EXOC4 [44] , RASGRF2, PLCG2, LMO1, and PRKG1 [45] . For the previously discovered loci on human memory, some were replicated in this study, namely, rs2278729 (p = 0.019, STM) [14] , rs401758 (p = 0.013, STM) [45] , rs2469383 (p = 0.038 /0.024, STM /LTM) [45] , and rs7898516 (p = 0.0083, LTM) [45] . In accordance to Heck et al. [3] , we found a nominally significant (p = 0.028) association of the voltage-gated calcium channel activity pathway with STM-shared component.
To conclude, classical GWAS helps understand the genetic basis of complicate cognitive functions in humans. Using this technique, this paper revealed the heritability of short-term and long-term memories, and identified genes related to different types of human memory. However, more studies and larger samples are always needed to obtain more stable and reliable results.
